Using Al/Fe/Al diffusion couples prepared by a diffusion bonding technique, the reactive diffusion in the binary Fe-Al system was experimentally examined in a previous study. The diffusion couple was isothermally annealed at temperatures of T ¼ 823{913 K, and then a compound layer of Fe 2 Al 5 was observed to form at the interface. The observation indicates that there exists the parabolic relationship between the mean thickness of the Fe 2 Al 5 layer and the annealing time. 
Introduction
In many binary alloy systems, intermetallic compounds appear as stable phases. 1) When a diffusion couple is prepared from two different pure metals in such a binary system and then annealed at an appropriate solid-state temperature T, some of the compounds may be discerned to form as layers at the interface between the two metals after certain periods due to reactive diffusion. Many investigators experimentally studied the reactive diffusion in various alloy systems. If the reactive diffusion is governed by volume diffusion, the total thickness l of the compound layers is expressed as a function of the annealing time t by the parabolic relationship l 2 ¼ Kt. Here, K is the parabolic coefficient. The parabolic relationship may be usually believed to hold good in many binary systems. However, the volume diffusion is not necessarily the rate-controlling process of reactive diffusion for all the binary systems. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] The reactive diffusion in the binary Au-Sn system was experimentally observed using Sn/Au/Sn diffusion couples prepared by a diffusion bonding technique in previous studies. [15] [16] [17] The diffusion couple was isothermally annealed at temperatures between T ¼ 393 and 473 K. During annealing, compound layers consisting of AuSn, AuSn 2 and AuSn 4 are produced at the Au/Sn interface in the diffusion couple. The total thickness of the compound layers is proportional to a power function of the annealing time, and the exponent of the power function is 0.48, 0.42 and 0.36 at T ¼ 393, 433 and 473 K, respectively. Thus, the parabolic relationship does not hold good for the binary Au-Sn system. The temperature dependence of the exponent implies that grain boundary diffusion contributes to the rate-controlling process of reactive diffusion and grain growth takes place in the compound layers at certain rates at higher annealing temperatures. As the annealing temperature decreases, the contribution of grain boundary diffusion becomes remarkable, but the grain growth slows down. Such temperature dependence of the rate-controlling process was reported also for the binary Ag-Sn and Ni-Sn systems. 18, 19) As to the binary Ni-Sn system, the reactive diffusion was experimentally observed using Sn/Ni/Sn diffusion couples prepared by the diffusion bonding technique. 19) In that experiment, the diffusion couple was isothermally annealed at T ¼ 433{473 K, and then a compound layer of Ni 3 Sn 4 was discerned at T ¼ 453{473 K along the interface in the diffusion couple. The mean thickness of the Ni 3 Sn 4 layer is expressed as a power function of the annealing time, and the exponent of the power function takes values of 0.46 and 0.41 at T ¼ 453 and 473 K, respectively. The exponent is smaller than 0.5 at higher annealing temperatures, and approaches to 0.5 at lower annealing temperatures. Therefore, the same temperature dependence of the rate-controlling process as the binary Au-Sn system works also for the binary Ni-Sn system.
The reactive diffusion was experimentally observed for the binary Fe-Al system in a previous study.
25 ) The experiment was carried out using Al/Fe/Al diffusion couples prepared by the diffusion bonding technique. Owing to annealing at T ¼ 823{913 K, a compound layer of Fe 2 Al 5 is formed at the interface in the diffusion couple, and grows according to the parabolic relationship. This means that the growth of the Fe 2 Al 5 layer is controlled by volume diffusion. This type of rate-controlling process was observed also for the binary Pd-Sn system. 22) In this system, compound layers consisting of PdSn 4 , PdSn 3 and PdSn 2 are formed at T ¼ 433 K, but those composed of only PdSn 4 and PdSn 3 are produced at T ¼ 453 and 473 K. At all these temperatures, however, there exists the parabolic relationship between the total thickness of the Pd-Sn compound layers and the annealing time. Consequently, the rate-controlling process of reactive diffusion varies depending on the alloy system.
The kinetics of the reactive diffusion controlled by volume diffusion was theoretically analyzed using a mathematical model in a previous study. 26) In the theoretical analysis, a hypothetical binary alloy system consisting of two primary solid solution phases and one intermetallic compound was considered in order to evaluate the growth rate of the compound in various semi-infinite diffusion couples initially composed of the two primary solid solution phases with different solubility ranges and interdiffusion coefficients. The mathematical model was also used to analyze numerically the relationship between the temperature dependence of the interdiffusion in each phase and the kinetics of the reactive diffusion. [27] [28] [29] As mentioned earlier, a single compound layer is formed during reactive diffusion in the binary Ni-Sn and Fe-Al systems. 19, 25) The growth of the compound layer is controlled by volume diffusion for the binary Fe-Al system, but by volume diffusion and grain boundary diffusion for the binary Ni-Sn system. As a consequence, the mathematical model 26) can be used to describe the growth behavior of the compound layer for the former binary system. In the present study, the experimental results of the reactive diffusion in the binary Fe-Al system 25) have been numerically analyzed using the mathematical model. The interdiffusion coefficient in the compound layer has been evaluated through the analysis.
Experimental Summary
As mentioned earlier, the reactive diffusion in the binary Fe-Al system was experimentally observed in a previous study. 25) In that experiment, Al/Fe/Al diffusion couples were prepared by a diffusion bonding technique, and then isothermally annealed at solid-state temperatures between T ¼ 823 and 913 K. During annealing, a compound layer of Fe 2 Al 5 is produced at the interface in the diffusion couple. According to a recent phase diagram in the binary Fe-Al system, 30) FeAl, FeAl 2 and FeAl 3 as well as Fe 2 Al 5 should appear as stable compounds at T ¼ 823{913 K. Of these four compounds, however, only Fe 2 Al 5 was recognized under the present experimental conditions. This indicates that the formation rate is much smaller for FeAl, FeAl 2 and FeAl 3 than for Fe 2 Al 5 . The compounds with low formation rates cannot grow to visible thicknesses within experimental annealing times. For the Fe 2 Al 5 layer, the mean thickness l was experimentally determined at each annealing time. The values of l are plotted against the square root of t in Fig Fig. 1 , most of the plotted points are located well on the corresponding straight line. This means that the parabolic relationship holds good between the thickness l and the annealing time t as follows.
Here, K is the parabolic coefficient with a dimension of m 2 /s. From the plotted points in Fig. 1 , the value of K was evaluated at each temperature by the least-squares method. The values of K are plotted against the temperature T as open squares in Fig. 2 . In this figure, the ordinate shows the logarithm of K, and the abscissa indicates the reciprocal of T. If the temperature dependence of K is expressed by the equation
the pre-exponential factor K 0 and the activation enthalpy Q K are evaluated to be 1:32 Â 10 2 m 2 /s and 281 kJ/mol, respectively, from the open squares in Fig. 2 by the least-squares method. Here, R is the gas constant. Using these parameters, K was calculated as a function of T from eq. (2). The result is shown as a dashed line in Fig. 2 . 
Model
In order to analyze theoretically the kinetics of the reactive diffusion controlled by volume diffusion, a hypothetical binary A-B system consisting of one intermetallic compound and two primary solid solution phases was adopted in previous studies. [26] [27] [28] [29] The and phases are the primary solid solution phases of elements A and B, respectively, and the phase is the compound. Now, we consider a semi-infinite diffusion couple composed of the and phases with initial compositions of y 0 and y 0 , respectively. Here, y is the mol fraction of element B. In the semi-infinite diffusion couple, the thickness is semi-infinite for the and phases, and the = interface is flat. Therefore, the interdiffusion of elements A and B occurs unidirectionally along the direction perpendicular to the flat interface. This direction is called the diffusional direction. If the diffusion couple is annealed at temperature T for an appropriate time, the phase will be formed as a layer along the interface owing to reactive diffusion between the and phases. The concentration profile of element B across the phase layer along the diffusional direction is schematically drawn in Fig. 3 . 26) In this figure, the ordinate shows the mol fraction y, and the abscissa indicates the distance x measured from the initial position of the = interface. Dashed lines and solid curves show the concentration profiles before and after annealing, respectively, and z and z indicate the positions of the = and = interfaces, respectively, after annealing. When the local equilibrium is realized at each migrating interface during annealing, the compositions of the neighboring phases at the interface coincide with those of the corresponding phase boundaries at temperature T in the phase diagram of the binary A-B system. Consequently, the migration of the interface is controlled by the volume diffusion in the neighboring phases. In Fig. 3, y and y are the compositions of the and phases, respectively, at the = interface, and y and y are those of the and phases, respectively, at the = interface. The compositions y , y , y and y give the boundary conditions, and those y 0 and y 0 provide the initial conditions.
For the reactive diffusion governed by volume diffusion, the positions z and z of the = and = interfaces are described as functions of the annealing time t by the equations
respectively. 31) Here, D , D and D are the interdiffusion coefficients for volume diffusion in the , and phases, respectively, and K , K , K and K are dimensionless coefficients. The thickness l of the phase layer is determined as the difference between z and z , and thus the following equation is obtained from eq. (3) to express l as a function of t.
Equation (4) again indicates the parabolic relationship. According to eq. (4), K is described as a function of D , K and K by the following equation.
The dimensionless coefficients are related to the initial and boundary conditions as follows:
Here, c is the concentration of element B measured in mol per unit volume. The initial and boundary conditions are indicated with the concentration c in eq. (6), but shown with the mol fraction y in Fig. 3 . However, y is readily converted into c by the equation c ¼ y=V m , where V m is the molar volume of the relevant phase. The following relationships are deduced from eq. (3):
and
Equation (7) indicates that only two of the four dimensionless coefficients are independent. In the present study, K and K are chosen as the independent variables. Insertion of eq. (7) into eq. (6) yields two independent equations. As a result, the two independent variables are finally determined from the two independent equations.
Results and Discussion
As mentioned in Section 3, the mol fraction y is readily . Although the diffusion coefficients and the molar volumes of the constituent phases affect the value of K through eqs. (5)- (7), the difference between the molar volumes is negligible compared with that between the diffusion coefficients. Thus, we may assume with sufficient accuracy that the molar volume is equivalent among the , and phases. On the basis of this assumption, the concentration c in eq. (6) is automatically replaced with the mol fraction y.
According to a phase diagram in the binary Fe-Al system, 30) the solubility of Fe in the phase is about 0.2 at% at T ¼ 823{913 K. Thus, y is considered to take a constant value of 0.998 at T ¼ 823{913 K. Here, y indicates the mol fraction of Al. The phase possesses a constant solubility range between y ¼ 0:70 and y ¼ 0:73 at T ¼ 823{913 K. On the other hand, the solubility y of Al in the phase is 0.222, 0.227 and 0.232 at T ¼ 823, 873 and 913 K, respectively. The temperature dependence of solubility may be described by an equation of the same formula as eqs. (2) and (8) . As to the phase in the binary Fe-Al system, however, this type of equation cannot reproduce accurately the value of y at each temperature. In contrast, the following equation is suitable for expression of the temperature dependence of y at T ¼ 823{913 K.
For the values y ¼ 0:222, 0.227 and 0.232 at T ¼ 823, 873 and 913 K, respectively, a 0 , a 1 and a 2 in eq. (9) are determined to be 3:57 Â 10 À1 , À4:11 Â 10 À4 and 3:00 Â 10 À7 , respectively. Furthermore, y 0 ¼ 0 and y 0 ¼ 1 for the Al/Fe/Al diffusion couple. Under such initial and boundary conditions, D was evaluated from eqs. (5)- (7) using D and D in Fig. 4 in order to reproduce the experimental values of K in Fig. 1 Fig. 2 . If the relationship between D and K is described by the equation
the following equation is readily obtained from eqs. (5) and (10) .
In order to estimate D from K, f may be sometimes assumed as 1, 0.5 or 0.25 in eq. (10) . This assumption insists that D is not greater than K. However, the value of f calculated from eq. (11) Fig. 2 by the least-squares method. Using these parameters, D was calculated as a function of T from eq. (8) . The result is indicated as a solid line in Fig. 2 . Since Q is close to Q K , the solid line is almost parallel to the dashed line. The solid line in Fig. 2 is represented also as a solid line in Fig. 4 
Conclusions
The reactive diffusion in the binary Fe-Al system was experimentally observed in a previous study. 25) In that experiment, Al/Fe/Al diffusion couples were prepared by the diffusion bonding technique, and then isothermally annealed at temperatures between T ¼ 823 and 913 K. During annealing, a compound layer of Fe 2 Al 5 is formed at the interface in the diffusion couple, and grows according to the parabolic relationship l 2 ¼ Kt, where l is the mean thickness of the Fe 2 Al 5 layer, t is the annealing time, and K is the parabolic coefficient. This means that the growth of the 
